In this talk we explore the possibility that the smallness of the observed neutrino masses is naturally understood in a modified version of the standard model with N extra generations of fermions and N right-handed neutrinos, in which light neutrino masses are generated at two loops. We find that with N = 1 it is not possible to fit the observed spectrum of masses and mixings while with N = 2 it is. Within this extension, we analyse the parameters which are allowed and the possible phenomenological signals of the model in future experiments.
Introduction
Neutrino oscillations require at least two massive neutrinos with large mixing, providing one of the strongest evidences of physics beyond the Standard Model (SM). On the other hand, one of the most natural extensions of the SM is the addition of extra sequential generations 1 .
LEP II limits on new generation leptons are: m ℓ ′ > 100.8 GeV and m ν ′ > 80.5 (90.3) GeV for pure Majorana (Dirac) particles. When neutrinos have both Dirac and Majorana masses, the bound on the lightest neutrino is 63 GeV. For stable neutrinos LEP I measurement of the invisible Z width, Γ inv , implies m ν ′ > 39.5 (45) GeV for pure Majorana (Dirac) particles.
The new heavy fermions contribute to the electroweak parameters and might spoil the agreement of the SM with experiment. Global fits of models with additional generations to the electroweak data have been performed and they favour no more than five generations. It should be kept in mind that most of the fits make some simplifying assumptions on the mass spectrum of the new generations and do not consider Majorana neutrino masses for the new generations or the possibility of breaking dynamically the gauge symmetry via the condensation of the new generations' fermions; all these would give additional contributions to the oblique parameters and will modify the fits. Therefore, in view that we will soon see or exclude new generations thanks to the LHC, it is wise to approach this possibility with an open mind.
In this talk (see 2 for further details and a complete list of references) we focus on how neutrino masses can be naturally generated at two loops by adding extra families and singlets. Recall that right-handed neutrinos do not have gauge charges and are not needed to cancel anomalies, therefore their number is not linked to the number of generations.
Four generations
We extend the SM by adding a complete fourth generation and one right-handed neutrino ν R with a Majorana mass term 3 . We denote the new charged lepton E and the new neutrino ν E . 
The relevant part of the Lagrangian is
where ℓ are the left-handed lepton SU (2) doublets, e R the right-handed charged leptons and ν R the right-handed neutrino. In generation space ℓ and e R are organized as four-component column vectors. Thus, Y e is a general, 4 × 4 matrix, Y ν is a general four-component column vector with elements y α with α = e, µ, τ, E, and m R is a Majorana mass term. After spontaneous symmetry breaking (SSB) the mass matrix for the neutral leptons at tree level is a 5 × 5 Majorana symmetric matrix which has only one right-handed neutrino Majorana mass term. Therefore, it leads to two massive Majorana and three massless Weyl neutrinos. Then it is clear that only the linear combination of left-handed neutrinos ν ′ 4 ∝ y e ν e + y µ ν µ + y τ ν τ + y E ν E will pair up with ν R to acquire a Dirac mass term. Thus, it is convenient to pass from the flavour basis (ν e , ν µ ,
where the first three states will be massless at tree level and only ν ′ 4 mixes with ν R . After this change of basis, 
. Since lepton number is broken by the ν R Majorana mass term, there is no symmetry which prevents the tree-level massless neutrinos ν ′ 1 , ν ′ 2 , ν ′ 3 from gaining Majorana masses; they are generated at two loops by the diagram of Figure 1 , and are given by
where the sums run over the charged leptons α, β = e, µ, τ, E while i, j = 1, 2, 3, and the loop integral I αβ can be found in 2 . It is easy to show that the eigenvalues of the light neutrino mass matrix are proportional to m 4 µ , m 4 τ , m 4 E which gives a huge hierarchy between neutrino masses:
where we have taken ln(m4/m 4 ) ≈ ln(m E /m4) ≈ 1 and in the last step we used that m E , m4 ≥ 100 GeV. To overcome this huge hierarchy very small values of N E are needed, which would imply that the heavy neutrinos are not mainly ν E but some combination of the three known ones ν e , ν µ , ν τ ; however this is not possible since it would yield observable effects in a variety of processes, like π → µν, π → eν, τ → eνν... This requires that y e,µ,τ ≈ 10 −2 y E , so N E ≈ 1. Therefore, the simplest version of the model is unable to accommodate the observed spectrum of neutrino masses and mixings. However, notice that whenever a new generation and a righthanded neutrino with Majorana mass at (or below) the TeV scale are added to the SM, the two-loop contribution to neutrino masses is always present and provides an important constraint for this kind of SM extensions.
The five-generation model
We add two generations to the SM and two right-handed neutrinos. We denote the two charged leptons by E and F and the two right-handed singlets by ν 4R and ν 5R . The Lagrangian is exactly the same we used for four generations but now ℓ and e are organized as five-component column vectors while ν R is a two-component column vector containing ν 4R and ν 5R . Thus, Y e is a general, 5 × 5 matrix, Y ν is a general 5 × 2 matrix and m R is now a general symmetric 2 × 2 matrix. The model, contrary to the four-generation case, has additional sources of CP violation in the leptonic sector, however, for simplicity we take all y α and y ′ α real. As in the four-generation case, the linear combination ν ′ 4 ∝ α y α ν α only couples to ν 4R and the combination ν ′ 5 ∝ α y ′ α ν α only couples to ν 5R . Therefore, the tree-level spectrum will contain three massless neutrinos (the linear combinations orthogonal to ν ′ 4 and ν ′ 5 ) and four heavy Majorana neutrinos. For simplicity, we choose ν ′ 4 and ν ′ 5 orthogonal to each other, i.e., α y α y ′ α = 0. We change from the flavour fields ν e , ν µ , ν τ , ν E , ν F to a new basis
where ν ′ 1 , ν ′ 2 , ν ′ 3 are massless at tree level, so we are free to choose them in any combination of the flavour states as long as they are orthogonal to ν ′ 4 and ν ′ 5 . The model should be compatible with the observed universality of fermion couplings and have small rates of lepton flavour violation in the charged sector, which requires y e , y µ , y τ , y ′ e , y ′ µ , y ′ τ ≪ y E , y F , y ′ E , y ′ F . In addition, it should fit the observed pattern of masses and mixings, for instance, reproducing the tribimaximal (TBM) mixing structure. A successful choice of the Yukawas to obtain normal hierarchy (see 2 for an analysis of inverted hierarchy and more details), i.e, m 3 ≈ △m 2 31 ≈ 0.05 eV, m 2 ≈ △m 2 21 ≈ 0.01 eV, will be y α = y E (ǫ, ǫ, −ǫ, 1, 0) and
which, keeping only terms up to order ǫ 2 , leads to the 5 × 5 unitary matrix V that passes from one basis to the other,
Assuming that m E,F ≫ m 4,4,5,5 ≫ m W , we find:
and the required ratio m 3 /m 2 ≈ 5 can be easily accommodated for different combinations of masses and mixing parameters ǫ, ǫ ′ .
Phenomenological analysis of the model
In general, the most restrictive experimental bound comes from B(µ → eγ) < 1.2 × 10 −11 , and it is translated into ǫ < 0.03. From B(τ → µγ) < 4.4 × 10 −8 , we obtain |ǫ ′2 − ǫ 2 | < 0.09. We display in Figure 2 a ) B(µ → eγ) versus the mass of the heavy neutrino m 4 in the NH case. We We also display present and future limits. b) Right: Parameter space that predicts the right scale for heavy and light neutrinos (the region between the curves). We also present the current µ → eγ bound and the expected µ-e conversion limit.
also display present and near future limits. Also, µ-e conversion in nuclei gives information on ǫ. We expect it to set much stronger bounds in the future. Violations of universality constrain the model in both hierarchies. For example, from pion decay, we obtain ǫ ′ < 0.04. Regarding neutrinoless double beta decay, there are contributions of the new heavy neutrinos, however, we obtain the same combination of parameters as in the light neutrino masses expressions, m 4R ǫ 2 , leading to unobservable effects in 0νββ when the former are fitted (of course the light neutrino contribution can be observed (in IH) in the future).
Also, a very striking effect of new generations is the enhancement of the Higgs-gluon-gluon vertex which arises from a triangle diagram with all quarks running in the loop, by a factor of 9 (25) in the presence of a fourth (fifth) generation. We estimate roughly that m H > 300 GeV in the case of five generations. However, these limits may be softened in some cases.
To summarize the phenomenology of the model we present in figure 2 the allowed regions in the ǫ − m 4R plane which lead to m 3 ∼ 0.05 eV varying the charged lepton masses m E (m F ) and the Dirac neutrino masses m 4D (m 5D ) between 100 GeV-1 TeV, and imposing the bound on the neutrino mass, m 4 > 63 GeV. We also plot the present bounds on the mixings ǫ (ǫ ′ ) from µ → eγ and future limits from µ-e conversion if expectations are attained. So our conclusion is that with four generations and one singlet the correct spectrum of light neutrino masses cannot be generated. However, with five generations and two singlets all current data can be accomodated in the region of the parameter space between the curves of Figure 2 b), which will be probed in the near future.
